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Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool for a careful examination of
enzyme structure, dynamics and function. In this paper a description of the basis of NMR and
the most frequent methods used in the application of this technique to the study of enzymes
will be discussed.
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High-resolution spectrometers and theoretical advances in
nuclear magnetic resonance (NMR), together with the
development of protein engineering, provide powerful
means to elucidate the structure–function relationships of
substrates, peptides, proteins and, in particular, enzymes.
NMR spectroscopy can, in principle, yield detailed informa-
tion regarding enzyme structure and the structure of the
speciﬁc ligands which bind to the enzyme. The structure of
the ligands at the binding sites of enzymes and the structure
of enzyme–ligand complexes can also be obtained, as well as
the dynamics of the ligand and the associated structure
of the protein binding site. The tertiary structures of
proteins and peptides can now be determined in solution,
independently of diffraction data, by homonuclear and
heteronuclear multi-dimensional NMR. Since NMR is a
time-dependent phenomenon, kinetic as well as thermo-
dynamic and structural information regarding both enzymes
and substrates can be obtained. The attraction of NMR is
that (again, in principle) one can investigate the magnetic
nuclei of each of the atoms within the molecule of the
enzyme (1H, 13C, 15N, …), of the ligands which bind to
the enzyme (1H, 19F, 31P, 13C,…), or of the environment of
the active-site (solvent 1H2O,
2D2O,
23Na, 39K, 35Cl,…).
Since a large number of enzymes either contain metal
ions (metallo-enzymes) or require the addition of metal ions
for activity (metal-requiring enzymes) a variety of these
metal ions can be observed by NMR. These include divalent
cations (25Mg, 43Ca, 59Co, 113Cd, etc.) and monovalent
cations (7Li, 23Na, 39K, 205Tl, etc.). A further attraction of
NMR is that ligand binding, structural changes, and environ-
mental changes at the catalytic site of an enzyme can be
studied regardless of whether the enzyme is catalytically
active, partially active, or inactive. This ability, currently
highly under-used, can yield important information con-
cerning the function of speciﬁc amino acids in ligand
(substrate, metal activator, heterotropic modulator etc.)
binding and in the catalytic processes. Enzyme dynamics
during catalysis can be measured by NMR spectroscopy, due
to enzyme catalysis occurring in the range of microseconds
to milliseconds. The dynamic processes of the enzymes
during the catalytic cycle are just beginning to be known,
although the chemical events and static structural features
of enzyme catalysis have been well characterized. NMR
methods applied to study the dynamics of catalytic pro-
cesses, such as, line-shape analysis, Carr–Purcell–Meiboom–
Gill (CPMG), rotating frame spin-lattice relaxation (R1) and
experiments on enzyme catalysis, occur in the microsecondto millisecond time regime. While the chemical events and
static structural features of enzyme catalysis have been
extensively studied, little is known about dynamic processes
of the enzyme during the catalytic cycle. These dynamic
NMR methods together with ZZ-exchange experiments are
capable of detecting conformational rearrangements with
interconversion rates from 0.1 to 105 s1. This issue will be
discussed in more detail in the enzyme dynamics section.
NMR parameters
NMR yields three general parameters that are useful in
obtaining information regarding the structure and dynamics
of the system under investigation. The chemical shift (δ),
deﬁned as of a resonance that is observed, is a function of
the magnetic environment of the nuclei being investigated.
This property makes NMR spectroscopy a potent tool in the
study of enzymes and their structure.
The phenomenon of a chemical shift arises from shielding
of the nuclei under examination from the applied magnetic
ﬁeld by the electrons. Thus it is the electronic environment
that causes variations in chemical shift. Any factor that will
alter the electron density at the nucleus will alter the
chemical shift. Shielding of methyl protons is greater than
that of methylene protons, and still greater than that of
aromatic protons, for example. Thus the resonance of a
methylene proton is further upﬁeld than that of protons on
an aromatic system, and methyl proton is furthest upﬁeld. If
spectra are obtained on samples that are fully relaxed and
additional effects such as Overhauser effects do not occur,
the area under the peak for each resonance is directly
proportional to the concentration of nuclei. Both the
relative and, in some cases, absolute distribution of mag-
netically non-equivalent nuclei and contaminant levels can
be quantiﬁed. The second parameter is the spin–spin
coupling or scalar coupling constant, Jij, that occurs
between two nuclei of spin I, Ii and Ij. Coupling constants
depend on the environment of the molecule and the relative
orientation or molecular geometry of the nuclei under
observation, and therefore are important in structure
determination. These coupling constants are independent
of the magnetic ﬁeld. The closer the nuclei are to each
other (fewer bonds), the larger the magnitude of the
coupling for related molecules. There are certainly cases,
however, where three-bond coupling constants are larger
than two-bond coupling constants. If the chemical shifts
or effective chemical shifts of the coupled nuclei are
large compared to the coupling constant, then the spectral
patterns are relatively simple and are considered ﬁrst-order.
O. Monasterio90When the chemical shifts are of the magnitude of the
coupling constant, the spectra become more complex and
are called second order. Resolution of coupling is an
important spectroscopic technique in structure determina-
tion. Spin–spin coupling can be studied by double resonance,
spin-decoupling experiments, spectral simulation and by
two dimensional correlation spectroscopy (Becker, 1980).
The third and most often neglected of the parameters are
the relaxation rates of the nuclei. In fact, in the initial
search for a nuclear resonance phenomenon, dynamic
processes and line shapes were of primary interest, and
coupling constants and chemical shifts observed in liquids
came as a surprise. The equations derived to deﬁne the
motion of the magnetic moment (μ) or magnetization M in
the samples, were given by Bloch (1946). The motion in the
direction of the external magnetic ﬁeld Bo (old nomencla-
ture Ho), is designated as dM, z/dt. In the plane perpendi-
cular to Bo (old nomenclature Ho), the x, y plane, the
motion of the magnetization vector is designated as dM,
x/dt. Magnetization in the x,y plane occurs because of the
property of spin of the nuclei. When a sample with a nuclear
spin is placed in an external magnetic ﬁeld, Bo, a torque is
placed on the magnetic moment M that changes the angular
momentum, P.
dP
dt
¼ BoM
Since the spin angular momentum is related to the magnetic
moment by the magnetogyric ratio γ
M¼ γP
then
dm
dt
¼ γBoM
This expression describes the motion of the magnetic
moment or magnetization about the z axis deﬁned as the
direction of the Bo ﬁeld. At equilibrium the nucleus has a
magnetization of Mo. The decay or relaxation of the
magnetization in the z axis is characterized by a relaxation
rate, 1/T1. A change in Mz is accompanied by a transfer of
energy between the nuclear spin and other degrees of
freedom or the lattice of the surroundings and is hence
called the “longitudinal relaxation rate” or the “spin–lattice
relaxation rate”, 1/T1. A decay in the transverse compo-
nents of the magnetization, Mx and My, results in an
exchange of energy between spins of different nuclei with-
out transfer to the lattice, and is called the “transverse
relaxation rate” or the “spin–spin relaxation rate”, 1/T2. In
solution studies, the exchange of energy between the spin
system being studied and the environment affect both T1
and T2. Since energy exchange between spin systems is
dependent upon dipolar effects, distances between these
dipoles can be calculated if the magnitudes of these effects
can be measured. Since these relaxation phenomena are
time-dependent, kinetic information such as molecular
motion is possible from the studies. More detailed treat-
ments are available (Abragam, 1973; James, 1975).Enzyme studies
In the study of enzymes it is conceivable that a 1H spectrum of
the enzyme can yield absorption peaks for each of the protons
in the molecule. The two major problems with this NMR
approach are the concentration of enzyme and resolution of
the spectra. The signal-to-noise of the spectrum is directly
proportional to the concentration of the sample. Many enzymes
may not be sufﬁciently soluble to yield a 1 103 M solution.
Even if solubility is not a major problem, an increase in
concentration increases the viscosity of the sample. In more
viscous solutions rapid averaging of the sample no longer occurs
and broad absorption lines are observed, which decreases
resolution of the spectrum. In an enzyme of molecular weight
approximately 70,000 (an average size protein) the rotational
correlation time, τ, in aqueous solution may be estimated at
108 s using the Stokes–Einstein equation, assuming the protein
is roughly globular. This enzyme is also expected to contain
approximately 600 amino acids. The large number of residues
results in a high number of overlapping resonances because of
the number of protons present. Although assignments of
resonances of free amino acids (Roberts and Jardetzky, 1970)
and amino acids in small peptides have been made, the
assignments of resonances which may be observed for an
enzyme must be made for speciﬁc amino acid residues within
the enzyme structure. This made a severe limitation in the
past, and to solve this problem, an approach such as speciﬁc
amino acid derivatization prior to obtaining the spectrum often
helped in making assignments. At present multi-pulse methods
are used for structure determination. There is detailed infor-
mation on peptides (Wüthrich, 1986), and nuclear relaxation
and Overhauser effects were successfully used in studies of
enzyme substrate interactions (Mildvan, 1989).
The most useful approach to studying enzyme structure
by protein NMR with a minimum of perturbation was the
observation of the resonances from histidine. The C-2 and C-
5 proton resonances are downﬁeld from the aromatic
protons (Markley, 1975). The classical use of these proper-
ties was with the small enzyme RNAase (Mr=23,500)
Meadows and Jardetzky (1986) and the large enzyme
(Mr=237,000) pyruvate kinase (Meshitsuka et al., 1981).
The C-2 proton resonance is especially sensitive to the
ionization state of the imidazole nitrogens, thus the pKa for
each individual histidine within the native enzyme can be
obtained from titration studies. The binding of a ligand or
metal ion to a speciﬁc histidine or histidines could result in
a change in the magnetic environment (chemical shift) of
the resonance and an alteration in the pKa. This application
of NMR has been useful in some limited number of enzymes.
Enzymes enriched with 13C and 15N have been used to
increase the range of chemical shifts of these nuclei in order
to enhance spectral dispersion and increases the possibility
of resolving more resonances. With enzymes from bacterial
systems growing the organism on media or precursors (i.e.
amino acids) that are selectively enriched (13C or 15N)
(Hunkapiller et al., 1973), several studies have been done
and complemented with DNA cloning techniques for the
study of speciﬁc sites in mutated proteins. Thus, detailed
reviews of 13C NMR studies of enzymes have been published
(Malthouse, 1986) and structural and dynamics studies of
larger proteins have been done with 13C and 15N isotope
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et al., 1989). Today this type of studies is routine for
resolving the structure of enzymes and determining their
dynamics using multidimensional NMR (Kevin and Lewis,
1998; Bachovchin, 2001).
An alternative approach to looking at the enzyme in an
effort to obtain information regarding enzyme structure and
the effects of ligand binding on the enzyme has been the use of
a reporter group on the enzyme or on the substrate. One of the
more sensitive groups that have been used is 19F. The use of
this nucleus in enzyme systems has been reviewed (Geric,
1981; Danielson and Falke, 1996). This nucleus is 83% as
sensitive as 1H, has a large range of chemical shifts and is
rather sensitive to its magnetic environment, and there are no
background resonances of 19F to cause interference. A 19F
reporter groups can be incorporated by one of two methods. A
speciﬁcally ﬂuorinated amino acid (i.e. ﬂuorotyrosine, ﬂuor-
oalanine) can be added to growth medium and incorporated
into the protein (Sykes and Weiner, 1980). Under these
conditions one group of amino acids (i.e. tyrosines, alanines)
would contain the 19F resonance. Furthermore, each of the
residues is labeled and will exhibit a resonance. In a case
where each residue is non-equivalent, assignments for each
residue (i.e. each tyrosine) may be necessary. In the particular
case of the heterodimer of tubulin, the principal protein of
microtubules, ﬂuorotyrosine can be speciﬁcally incorporated as
the C-terminal amino acid of the α-subunit through the
reaction catalyzed by tubulin–tyrosine-ligase (Monasterio
et al., 1995).
An alternative to this approach is to covalently label the
enzyme at a speciﬁc residue with a ﬂuorine-containing
reagent. Among the possible reagents one may use are
triﬂuoroacetic anhydride, triﬂuoroacetyliodide, or 3-bromo-
1,1,1-triﬂuoro-propanone. The chemical shift and/or the
line width (1/T2) of the
19F label, a “reporter” for a change
in the enzyme structure, must reﬂect ligand binding and/or
catalysis. If the 19F resonance is sensitive to conformational
changes in the enzyme then site-speciﬁc modiﬁcation
of groups at the active site will be reﬂected by changes in
the 19F resonance. Ligand binding to modiﬁed enzyme may
also be monitored by a measure of the spectral parameter
(δ or 1/T2) as a function of ligand concentration. Titration of
the spectral parameter versus ligand concentration yields a
titration curve that is evidence for ligand binding. The
dissociation constant for ligand binding can be determined.
The method of using reporter groups can be expanded with
other labels. Most other labels would be less sensitive than
ﬂuorine. However, the modiﬁcation may be more selective
or may yield reporter groups that are more sensitive to
changes in enzyme structure. 2H labels or 13C labels can also
be incorporated into the protein. A potential strength of
using these labels is that the incorporation of 2H for 1H or
13C for 12C into the protein will have a very minor, if any,
effect on the protein itself. Although reporter groups yield
information regarding the environment of the group and not
speciﬁc structural features of the enzyme, comparative
structural changes can be studied by such methods. The
method of photo-chemically induced nuclear polarization
(photo CIDNP) originating from free radical reactions has
been developed as a sensitive method to measure structural
changes on the surface of proteins (Kaptein, 1982; Berliner,
1989). The method requires a modiﬁed spectrometer and aproper light source (laser) to begin to probe surface
changes. These changes, when observed, are reﬂected in
changes about aromatic amino acids. This technique has the
advantage of high sensitivity, and it yields general confor-
mation information.Studies of ligands
An alternative to measuring aspects of the enzyme and its
structure in the study of enzyme ligand interactions is an
investigation of the ligand itself. A general deﬁnition of a
ligand implies substrates, modiﬁers, inhibitors and activa-
tors including metal ions. The proper studies depend upon
the enzyme of interest. There are two potential types of
experiment one can perform. In some cases the interaction
of a ligand with an enzyme results in the formation of an
enzyme–ligand complex such that partial immobilization of
a portion of the ligand occurs. A decrease in the mobility of
a group (e.g. a methyl group) increases the correlation
time, the time constant for the process that modulates or
interferes with the relaxation process. The rotational
correlation time of the methyl group is the rotation time
of that group which modulates the dipolar interactions
among the methyl protons and results in an increase in
1/T2 and 1/T1. The 1/T2, estimated from the line width of
the resonances, is the parameter that is more easily
measured. If the effect on 1/T2 is sufﬁciently large and
the ligand is in the fast exchange domain (the lifetime, tM,
of the ligand in the E–L complex is short compared to the
relaxation time of the nucleus, T2,b, in the E–L complex) an
average line width (1/T2,obs) for the bound ligand (1/T2,b)
and free ligand (1/T2,0) is observed.
1
T2;obs
¼ ½Lb½LT
1
T2;b
 
þ ½Lf½LT
1
T2;0
 
The observed effect is a mole average effect of bound
ligand [Lb] and free ligand [Lf] where the sum of the
concentrations of Lb and Lf give the concentration of total
ligand, [LT]. From a determination of the amount of ligand
bound (the concentration of enzyme sites if the enzyme is
saturated with ligand) and the total amount of ligand
present, 1/T2,b can be calculated. Values for 1/T1 can be
handled by similar treatment if 1/T1obs is measured. If
the dipolar effect is only intramolecular and if the nature
of the dipoles is known (e.g. 1H–1H interactions), the value
for the rotational correlation time for that group in the
enzyme–ligand complex can be calculated. From a determi-
nation of ligand binding, values for [Lb] and [Lf] can be
obtained and 1/T1,b and 1/T2,b calculated. From the
structure of the molecule, the distance r between the
dipoles is usually obtained. The distance r is estimated
from crystal structure data or from models of such com-
pounds (Mildvan et al., 1967). If immobilization is detected
and calculated for the ligand bound to the native enzyme,
then one can determine if immobilization of the same ligand
occurs with modiﬁed enzyme. Restriction of molecular
motion is one possible mechanism of catalytic activation.
Another approach to the study of ligand binding to
enzymes is to use paramagnetic probes on the enzyme.
The use of paramagnetic species to probe ligand interac-
tions is feasible because an unpaired electron is about 657
O. Monasterio92times more effective than a proton in causing a dipolar
effect on relaxation. Several approaches can be utilized to
take advantage of these large dipolar effects. Stable
nitroxides, many of which are commercially available, can
potentially be covalently attached to the enzyme. These
include derivatives of iodoacetate, N-ethylmaleimide, and
diisopropylﬂuorophospate that can be used to label reactive
groups such as cysteine, histidine, lysine, or reactive serine
(Berliner, 1976). Selectivity of labeling and choice of amino
acid residue is necessary. The label can be used as the
reference point to study ligand interactions to labeled
enzyme.
Alternative paramagnetic species that can be used are metal
ions. These metals may either bind to the enzyme or can bind
as a metal–substrate complex to the enzyme. Some of the
metal ions that can be used or substituted for the “physiolo-
gical” cation are Mn(II), Fe(II), Co(II), Cu(II), Gd(III) or Cr(III). If
the enzyme being studied gives the investigator a choice of
cations there are distinct advantages to using a few of these
cations, particularly Mn(II), as will be shown. Determination of
the stoichiometry of the paramagnetic center is necessary.
With the nitroxide “spin label” an integration of the EPR
spectrum of labeled enzyme to obtain a spin count can be
used. A comparison of the spectrum of the sample with a
spectrum of a known spin label can be made. This is often the
method of choice. In the case of metal ions the investigator has
a variety of techniques available to measure concentration.
With tight binding metals, atomic absorption spectroscopy can
be used to determine the metal content of the enzyme for any
metal ion. Alternatively, metal binding using unstable nuclei
can be performed using one of a variety of equilibrium
techniques such as equilibrium dialysis, gel permeation. ultra-
ﬁltration, etc. Proper binding studies will lead to a determina-
tion of the dissociation constant for the label and its
stoichiometry per enzyme molecule or enzyme active site. In
most cases the metal ion utilized is either the physiologically
important cation activator to elicit catalysis. The paramagnetic
center is at the activator site, which may be either at, near, or
remote from the active-site. Other probes such as the lantha-
nides (e.g. Gd III) may serve as activators in a few cases or as
inactive analogs that are competitive with the physiologically
relevant cation. The Cr(III) cation which forms exchange inert
ligand metal complexes can also be used as a probe. This metal
has found use as a kinetic and an NMR probe by being used as a
Cr(III)–nucleotide complex (Cleland and Mildvan, 1979). This
complex is an analog of Mg–nucleotide or Ca–nucleotide com-
plexes that serve as substrates. Paramagnetic probes, particu-
larly nitroxides, Mn(II), Gd(III) and Cr(III), can have a substantial
effect on the longitudinal and the transverse relaxation rates of
the nuclei of the ligands that are in close proximity to the
paramagnetic center. In the studies of enzyme active-sites by
chemical modiﬁcation, the use of such probes may be of
exceptional value. After modiﬁcation of the enzyme one can
ﬁrst determine if the binding site for the paramagnetic probe is
still intact. Equilibrium binding or EPR binding (of Mn(II)) can
determine if there is any alteration in the stoichiometry or in
the dissociation constant for the cation to the modiﬁed
enzyme. If the cation binding sites remain intact in the
enzyme, then ligand binding to the modiﬁed enzyme can be
studied. The results of a proper series of NMR experiments can
describe the alteration in the binding of the ligands to the
modiﬁed enzyme, the structure of the ligands at the bindingsite, and their exchange rates. This information can be
compared with what is known regarding the structure and
dynamics of ligand binding with the native enzyme to deter-
mine the effects of modiﬁcation. Again, these studies can be
performed even if the modiﬁed enzyme is totally inactive. Also,
19F can be incorporated at the γ phosphate of ATP or GTP, given
a competitive inhibitor with respect to the non-ﬂuorinated
nucleotide, to measure the paramagnetic effect of the metal
bound to the protein on relaxation rates of this nucleus
(Monasterio and Timasheff, 1987). The measured relaxation
rates can then be related to the structure of the ligand on the
enzyme relative to the paramagnetic center. This information
can be obtained from the Solomon–Bloembergen relationships
(Solomon, 1955; Bloembergen, 1957). In some cases where one
nucleus of a ligand is very close to the paramagnetic center
compared to other nuclei measured, the relaxation may be so
efﬁcient that the nucleus may be in slow exchange (T2M⪡τM) (1/
fT2p=1/τM). If this is the case, then a temperature-dependence
of 1/fT2p will give a value for koff and for the energy of
activation, Ea, for the ligand exchange process. In this case the
structure of the ligand at the catalytic site (from 1/T1M), its
exchange rate, and the energy barrier for this exchange
process, can be obtained and compared with these parameters
for the unmodiﬁed enzyme. In the case where the exchange
process is simple, and Kd (=koff/kon) for ligand binding is
known, the value of kon, can also be estimated (Monasterio,
1987, 2001).Enzyme structure
Knowledge of the three-dimensional structure of a polypep-
tide or protein (enzyme) is a prerequisite to the under-
standing of its physical, chemical, and biological properties.
Since the time that Perutz and Kendrew determined the
structure of hemoglobin and myoglobin, more than ﬁve
decades ago, about 750 non-identical structures of a total
number of 270 have been determined by crystallographic
and NMR techniques (Orengo, 1994). The precision with
which the NMR structures of small proteins can now be
determined approaches that of moderately good X-ray
crystal structures. In the protein interior, the structures
obtained from the highest quality NMR data can be as
precise as all but the very best X-ray structure, whereas
the surface residues often appear disordered in solution and
hence in the NMR structures derived from solution data.
Thus, the main differences between the NMR and X-ray
structures of proteins are in fact usually found on protein
surfaces. In the last few years the signiﬁcant increase in the
number of known three-dimensional structures of small
proteins in solution became possible due to advances in
NMR technology such as the development of superconducting
magnets, Fourier transform spectroscopy, computer control
of the instrumentation and new multidimensional NMR
techniques developed by Ernst (Ernst et al., 1987), who
won the Nobel Prize in 1991. The basic steps for protein
determination from NMR are the following: (1) Assignment of
resonances signals to individual nucleus. (2) Determination
of distance constrains and dihedral angle constrains from
NOE's and J couplings, respectively. (3) Calculation
of a family of three-dimensional structures on the basis
of the distance restrains, supplemented if possible by
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stants. (4) Reﬁning of the structures by using geometric
constrains and potential energy functions, for instance, with
restrained energy minimization and restrained molecular
dynamics.
These steps will be discussed in some detail.Resonance assignments
The ﬁrst step is the assignment of the 1H, 13C or 15N signals to
individual atoms of the protein under study. It is convenient to
start the study with the analysis of the mono-dimensional 1H
spectrum in order to know the conditions of the sample, i.e,
the presence of impurities, aggregation (millimolar concentra-
tions are normally used), the signal-to-noise ratio and the
presence of some region in the protein without conformation
or, in the case of peptides, the presence of conformation. In
general well deﬁned and narrow signals indicate the presence
of regions exposed to the solvent and without interaction with
the rest of the polypeptide chain, except through the peptide
bond. The dispersion of the signals frequencies and broader
signals, show a crowded spectrum with mutually overlapping
lines in the case of a monomer protein where the polypeptide
chain has many interactions with the rest of the structure and
the movement is restricted in the region where the proton
under observation is located. The chemical shifts for protons of
natural proteins in the random coil conformation have been
listed. They fall into several classes such as indole NH,
backbone NH, aromatic rings, α, β, and γ proton of the
respective carbon of the amino acid residues.
The assignment of the total signals from the mono-
dimensional spectrum of a polypeptide chain is not straightfor-
ward, because when the complexity (length of the polypeptide
chain) of the protein increases, the resolution of the spectra
diminishes. To increase resolution it is necessary to use two-,
three- or four-dimensional NMR of labeled proteins (2H, 13C and
15N) in order to have a complete assignment of the spectrum.
Wüthrich (1986) developed a standard method for the systema-
tic assignment of NMR spectra for proteins. For peptides (5–30
residues), the application of this method is easier than for
proteins (80–130 residues). The assignment method has two
steps. The ﬁrst corresponds to the identiﬁcation of the spin
systems for each amino acid. The identiﬁcation is based on the
scalar coupling obtained from the two dimensional experiments
COSY (J-correlated spectroscopy), RELAY-COSY (relayed coher-
ence transfer spectroscopy) and TOCSY (total correlation
spectroscopy) which are the most common methods.
The simplest experiment is COSY in which the off-diagonal
cross-peaks arise only between protons connected through
J-coupling networks. This allows identiﬁcation of the signals
NH–Hα, Hα–Hβ, etc. from the same residue, because the scalar
coupling is interrupted by the carbonyl group of the peptide
bond. The 2D 1H NMR spectra of a hexadecapeptide of CheY, a
129-residue protein involved in bacterial chemotaxis, shows a
COSY patterns of the cross-peaks found in the spectral region
between 3.6 to 4.8 ppm and 8.0 to 9.2 ppm (known as the
“COSY ﬁngerprint”), that contains the scalar correlation NH–Hα.
TOCSY gives the correlated signals among all the frequencies
that belong to the same network of couplings (the same system
of spins), because the magnetization is spread through the
coupling network. The pattern of signals for the scalar couplingof the different amino acids in the COSY and TOCSY allows the
identiﬁcation of all protons that belong to a same residue. In
this step it is not possible to distinguish between amino acid
residues with the same system of spin or amino acids that are
repeated in the sequence. These ambiguities can be resolved
with NOESY and ROESY experiments, which give distance
information.
The second class of two-dimensional NMR experiments (2D
NOE) cross-peaks connects protons that are spatially at a
distance shorter than 5 Å, irrespective of whether they show
scalar coupling or not. The information from NOESY and ROESY
is similar. In contrast to all other parameters, proton–proton
distance measurements by NOE experiments can be directly
related to the peptide or protein conformation. The analysis
usually starts with a search of the cross-peak patterns belong-
ing to the spin systems of types of amino acids. These are then
connected through cross-peak in a two dimensional NOE
spectrum between neighboring amino acids in the polypeptide
chain. Useful short distances for the assignment are those
observed between Hα of residue i and the NH proton of the
next residue (dαNi,i+1), between the NH protons of adjacent
residues (dNNi,i+1), and the Hβ proton of residue i and the NH
proton of the next residue (dβNi,i+1). From these correlations,
the sequential order of the spin systems can be established.
The intensity of the signal depends on the structure of the
polypeptide chain. Often the sequential assignment procedure
is redundant, and so many internal checks are possible. This
makes the assignment unambiguous.Distance and dihedral angle constrains
When all the resonances of the NMR spectra are assigned, the
data from J couplings and NOE distances are used to infer the
conformation of the polypeptide chain. The principal advan-
tage of NOEs is that while all the other spectral parameters are
a linear average of the different conformations in equilibrium,
NOE has a nonlinear dependence on the interprotonic distance,
r, the NOE intensity is directly related to r6, thus emphasizing
the short distances. This allows the detection and identiﬁcation
of preferential polypeptide conformations, regardless of
whether the preferred conformation is a small fraction.
Secondary structure is usually apparent from the strong
NOEs used to make the assignments. Stretches of residues in
an α-helix have strong NOEs between NHi–NHi+1 and CβHi–
NHi+1, but not between Hα–NHi+1. In β-strands, adjacent
residues give strong NOEs between Hα–NHi+1 but not
between NHi–NHi+1. The relationship between the intensi-
ties of the NOEs (NHi–NHi+1)/(Hα1–NHi+1) is much higher in
the α-helix than in the β-strands, because the difference
between the sequential distances NH–NH and Hα–NH is
ampliﬁed by the sixth power dependence of the NOE with
respect to the interprotonic distance. The true identiﬁca-
tion of the preferred polypeptide structure is only possible
with the observation in its structure of speciﬁc NOEs
between protons of residues non adjacent in the sequence.
Thus, the geometry of the α-helix gives NOES of the type
(i,i+3) and (i,i+4) considering that the helices found in
proteins are α-helices and 310 helices. The 310 helix is
important because it usually forms the last turn of the C-
terminal end of numerous α-helices. In favorable cases,
dihedral angle constraints can be obtained from three-bond
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angle θ of the bond between the atoms to which the protons
are bonded. The relationship, based on the Karplus equa-
tion, is of the form
3J ¼ A cos 2θþB cos θþC
For example, the value of 3JNH–Hα between the NH and the
Hα protons gives information about the torsion angle φ:
3JNHHα ¼ 6:4 cos
2θ  1:4 cos θþ1:9
For helical regions 3JNHHα is small (ca. 4 Hz), while for
extended chain conformations such as in β-sheets the values
are larger (9–10 Hz). Usually the large J couplings (8–10 Hz) are
the most useful source of information, because J couplings
smaller than the line width (5 Hz or larger cannot be reliably
measured). The interpretation of the larger J constants in terms
of dihedral angles is less ambiguous.
The parameters for the identiﬁcation of secondary struc-
tures are summarized below.
α-Helix1. The presence of medium range NOEs, dNN(i,i+2), dαN(i,i+3),
dαβ(i,i+3) and dαN(i,i+4) along consecutive residues of a
peptide segment. Likewise, the presence of medium range
NOEs i,i+3 or i,i+4 involving protons of lateral chains.2. The presence of a series of intense NOEs dNN(i,i+1) plus less
intense or weak NOES along a peptide chain segment.3. Different chemical shifts (δ) for the protons Hα with
respect to its δ in reference peptides; negative ΔδHα for a
series of consecutive residues. The last value should be
positive for 13Cα NMR signal.4. Small coupling constants 3JHN-Hα for the corresponding
segment of the polypeptide chain
β-Sheet1. The presence of a NOEs network dNN(i,j), dαN(i,j) and dαα(i,j),
between the strands of the parallel or antiparallel β-sheets.2. The presence of weak dNN(i,i+1) and intense dαN(i,i+1)
NOEs.3. Different chemical shift (δ) for the protons Hα with
respect to its δ in reference peptides; positive ΔδHα for
a series of consecutive residues, vice versa for 13C.4. Large coupling constants 3JHN-Hα for the respective seg-
ment of the polypeptide chain.
β-Turns1. The presence of NOE dαN(i,i+2) between the residues
2 and 4.2. The presence of intense NOEs dNN(i,i+1) between residues
2–3 and 3–4 for β-Turn type I and 2–3 for type II.3. Different chemical shift (δ) for the protons Hα with
respect to its δ in reference.4. Peptides; negative ΔδHα for consecutive residues of the turn.
5. Normal coupling constants 3JHN-Hα.In summary, the presence of NOEs between protons that
are close in the covalent structure can deﬁne the secondary
structure and those NOEs between protons that are distant
in the primary structure but close in the space deﬁne the
tertiary structure. Often preliminary reports on NMR studies
of a protein that describe the resonance assignments and
the secondary structure are found in the literature. The
secondary structures so identiﬁed can be used as a starting
point for interactive model building of the tertiary struc-
ture; however this strategy has been little used as compared
to computational structure determination.
Structure calculations
Once resonance assignments are available for all protons,
the NOESY data are again analyzed, now in terms of
structural information. Each off diagonal cross peak indi-
cates that a distance of less than about 5 Å separates two
protons in known locations in the protein sequence. The
measurement of a large number of such cross peaks must
thus impose stringent constrains on the protein tertiary
fold. By measuring the intensity of the cross peak, a
qualitative estimate can be made of the distance between
the two protons. These structural constrains are put into
computer programs to search for those protein conforma-
tions that are compatible with all of the experimental
measurements. The most common programs for generation
of structures use either a metric matrix distance geometry
algorithm or constrained least square minimization in tor-
sion angle space. By repeating the calculations, several
structures will be generated that agree with the experi-
mental data. Provided a sufﬁcient number of constrains are
used, a family of structures which closely agree will be
obtained from many passes.
The structures generated by such procedures are gener-
ally of relatively high energy, and merely serve as initial
estimates of the protein fold. It is then necessary to subject
these structures to constrained molecular dynamics calcula-
tions. This involves the simultaneous solution of the classi-
cal equations of motion for all atoms in the system for
several hundred picoseconds with the NMR distance con-
straints incorporated as effective potentials in the total
energy function. The power of the method lies in its ability
to overcome local energy barriers and reliably locate the
global minimum region. In general, it signiﬁcantly improves
the agreement between the structural model and the
experimental data. An informative picture of the resulting
family of molecules can now be displayed using molecular
graphics software. An important feature of NMR-derived
structures is that some regions of the protein will be less
deﬁned than others. This is a consequence of the non-
uniform distribution of NMR constraints within the molecule
and reﬂects the molecular motions taking place in solution.
Reﬁnement of NMR structures
There are two crucial questions regarding structures deter-
mined by NMR, namely, how unique are they and how
accurately they have been determined. It is thus essential to
analyze the derived structures and examine the degree of
convergence. If the set converges well and all experimental
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realistic and accurate picture of the solution structure. A more
rigorous assessment of NMR derived structures can be made
from the application of back calculation methods. Back calcula-
tion involves simulating the NOESY spectrum from the calcu-
lated molecular structure and using the result to compare with
the experimental NOESY spectrum. This process serves to check
the quality of the structure and it is also an integral part of the
reﬁnement strategy. In the commonly used procedure NOEs are
converted into rough upper distance limits in order to allow for
the effects of internal motion and diffusion of magnetization
signals, as well as experimental uncertainty. The ﬁnal structures
thus ﬁt the upper distance limits rather the true experimental
values.
Back calculation involves using the calculated structure in
conjunction with a simple model for the dynamic behavior of
the atoms in the molecule in order to simulate its NOESY
spectrum. However, the method is currently rather imprecise.
Despite this, it allows an evaluation of how well different parts
of the protein structure agree with the input data. By providing
a quality measure of the ﬁt of the derived structure, it is
analogous to the R-factor used for assessing structures derived
using crystallography. The comparison of simulated and mea-
sured NOESY spectra allows an estimate of the magnitude and
direction of changes to be made to the molecule that might
improve the agreement between the spectra. In order to
achieve the full beneﬁt of back-calculation, it is necessary to
make it an integral part of the strategy for protein structure
determination.
This would involve a readjustment of the distance
restrains used in the structure calculation steps after
analyzing the calculated NOESY spectrum. A new structure
would be calculated and the process repeated until simu-
lated and measured spectra match. For structure determi-
nation on the basis of distance constraints such as distance
geometry and constrained molecular dynamics, among
others, specialized softwares like NMRchitect can be used.
The validity of the NMR method was established conclu-
sively by determining the three dimensional structure of the
protein “tendamist” independently using NMR and normal
X-ray diffraction analysis (Billiter et al., 1989).
At present the use of 1H, 13C and 15N labeled proteins, three-
and four-dimensional heteronuclear NMR spectroscopy together
with TROSY offer a way to improve spectral resolution and
circumvent problems due to larger line widths that are
associated with increasing molecular weight. With these meth-
odologies the determination of a high resolution NMR structure
of proteins in the range of 100 kDa has been made possible (for
review see Tugarinov et al., 2004).Transferred NOE
As discussed before NMR spectroscopy is a useful tool for
studying one of the most important issues in biology, the
interaction of ligands with macromolecules. When part of
the macromolecule is in close proximity to a bound ligand, a
NOE can be observed in the ligand if the protons in the
macromolecule are irradiated (James and Cohn, 1974).
Concomitant with the developments in two-dimensional
NMR and the use of NMR to determine the structure of
peptides and proteins in solution, interest in transfer NOE(TRNOE) emerged (Cambell and Sykes, 1993). TRNOE is the
extension of two dimensional NOE to exchanging systems
such as ligand–protein complexes. TRNOE measurements
give information on the conformation of the bound ligand.
This methodology has been used to study the conformations
of nucleotides bound to peptides and proteins (Leanz and
Hammes, 1986; Koide et al., 1989), binding of peptides to
phospholipid bilayers (Milon et al., 1990), the codon to
anticodon interaction (Clore et al., 1984), binding of
peptides to enzymes (Meyer et al., 1988), binding of
hormones to proteins (Live et al., 1987), drug discovery
(Lucas et al., 2003) and binding of ligands to enzymes
(Kuntothom et al., 2010).
Saturation transfer difference NMR
This methodology is used to characterize the binding of a
ligand to a macromolecule at atomic resolution. In a STD
NMR experiment the sample should contain both the
macromolecule and the ligand in a molar ratio 1/100 which
allows the quantiﬁcation of the macromolecule-bound and
free ligand. This method has been principally used for the
characterization of protein-carbohydrate interactions, after
its introduction by Meyer group (Mayer and Meyer, 1999).
Thus, it was used to resolve the binding substrate speciﬁty
of yeast hexokinase PII (Blume et al., 2009) and to resolve
the hydrogen atoms of xylobiose involved in sugar-protein
interaction. H2-5 of xylobiose were identiﬁed as critical
non-covalent interactions in wild type GH10 xylanases,
which were absent in the E159Q mutant, indicating the
importance of negative charge in the substrate binding
(Balazs et al., 2013). Another important application of this
method has been in drug discovery (Bhunia et al., 2012).
Paramagnetic relaxation enhancement (PRE)
In the late 1950s the PRE theory for static systems was
established and since then it has been used in characterizing
paramagnetic metalloproteins Dwek (1973). One application
was to measure the relaxation of water by paramagnetic
metals in the presence of enzymes and its substrates to
determine the coordination of the metal at the active site
of the complex substrate–enzyme. It is a rapid and sensitive
method for measure ligand–enzyme interaction, where the
enzyme system is appropriate, to measure the effect of
ligand binding on the solvent (1H of H20). This method
requires a paramagnetic probe that can affect the long-
itudinal relaxation rate of the solvent. The probe elicits an
effect on the proton longitudinal relaxation rate (PRR or
PRE) to give a proton relaxation rate enhancement. If the
enhancement effects are sensitive to ligand binding, then
studying the environment around the probe can yield
important thermodynamic and structural information of
the complexes formed among the enzyme, substrates and
the metal. Although a number of probes can be used for
these studies, Mn(II) has been the most frequently used due
to its physical–chemical properties and its usefulness in
many cases.
To determine protein structure, this method has had a
new impulse with the introduction of biochemical methods
to label proteins with paramagnetic probes at speciﬁc sites
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ods (Donaldson et al., 2001). However the most interesting
application of this method has been the detection of
transient low population species that remain in rapid
exchange with the major specie that modulates the trans-
verse PRE observed (Clore, 2011).
Dynamics
In addition to structures and ligand binding thermody-
namics, nuclear magnetic resonance can yield information
on the dynamics of the structural regions of the protein.
This usually involves measuring relaxation times such as T1
and T2 to determine order parameters (S
2), correlation
times, and chemical exchange rates. NMR relaxation is a
consequence of local ﬂuctuating magnetic ﬁelds within a
molecule. Molecular motions generate local ﬂuctuating
magnetic ﬁelds. In this way measurements of relaxation
times can give information of motions within a molecule at
atomic level. In NMR studies of isotope labeling protein
dynamics the 15N isotope is the preferred nucleus because
its relaxation times are relatively simple to relate to
molecular motions. The types of motions, which can be
detected, are motions that occur on a time-scale ranging
from about 10 ps to about 10 ns. The T1 and T2 relaxation
times can be measured using various types of HSQC based
experiments. In addition slower motions, which occur on a
time-scale ranging from about 10 μs to 100 ms, can also be
studied. However, since nitrogen atoms are mainly found in
the backbone of a protein, the results mainly reﬂect the
motions of the backbone, which is the most rigid part of a
protein molecule. Thus, the results obtained from 15N
relaxation measurements may not be representative for
the whole protein. Therefore techniques utilizing relaxation
measurements of 13C and 2H have recently been developed,
which allow systematic studies of motions of the amino acid
side chains in proteins.
Relaxation dispersion (RD) spectroscopy is emerging as a
very interesting NMR method to measure the relationship
between molecular motions and the limiting-steps in cata-
lysis (Henzler-Wildman and Kern, 2007). With this metho-
dology movements in time scale between 50 μs and 10 ms
can be measured. This complements the events measured
through the relaxation times T1 and T2 as explained before.
For example, RD has been used to measure the movement of
interdomains and its relation with catalysis in adenylate
cyclase (Henzler-Wildman et al., 2007).
Nomenclature in enzyme NMR
IUPAC-IUBMB Joint Commission on Biochemical Nomencla-
ture (JCBN) and Nomenclature Committee of lUBMB (NC-
IUBMB) published in 1999 a newsletter in the journal Folia
Microbiol (44, 243–246) with recommendations for presen-
tation of NMR structures of proteins and nucleic acids where
they mentioned three articles with the recommendations
published in 1998 (these articles were published in Pure
Appl. Chem. 70, 117–142 (1998); Eur. J. Biochem. 256, 1–15
(1998) and J. Biomol. NMR 12, 1–23 (1998)). The recom-
mendations published in Pure Appl. Chem contain general
recommendations for publication and communication ofNMR data and NMR structures of proteins and nucleic acids
through a common nomenclature and reporting standards.
This is suitable for publishing of NMR studies of enzymes
structures but the binding of substrates and the catalytic
process are not covered. In order to describe the molecular
events involved in the enzymes function necessarily the
knowledge of the relationship between the binding of the
substrates and the catalytic steps with the dynamic of the
protein structure is required. As shown before, all of these
processes can be determined through NMR spectrosocopy
where the use of different methods requires a special
nomenclature for each of them. Many of these methods
were mentioned before with their respective nomenclature.
The solution conditions for NMR studies, like pH, tempera-
ture, ionic strength, buffers, should be indicated because
they can usually varied over a wide range. The presence of
heavy metals like manganese or cobalt should be avoid
ﬁltering the solution through a chelating ion exchange resin
like Chelex 100, in order to avoid paramagnetic effects.Conﬂict of interest statement
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